Preliminary Amendment 

Applicant: Manfred Ruehrig et al. 
Serial No.: Unknown 

(Priority Application No. DE 102 14 159.2) 

(International Application No. PCT/DE03/00775) 
Filed: Herewith 

(Priority Date: March 28, 2002) 

(International Filing Date: March 11, 2003) 
Docket No.: 1433.125.101/13.305 

Title: MRAM MEMORY CELL WITH A REFERENCE LAYER AND METHOD FOR FABRICATING (As 
Amended) 



REMARKS 

This Preliminary Amendment amends the above identified Utility Patent Application 
filed herewith. With this Preliminary Amendment, claims 1-9 have been cancelled. Claims 
18-29 have been added. Claims 18-29 remain pending in the application and are presented 
for consideration and allowance. 

A substitute specification is included herewith. The specification contains no new 

matter. 



CONCLUSION 

No fees are required under 37 C.F.R. L16(b)(c). However, if such fees are required, 
the Patent Office is hereby authorized to charge Deposit Account No. 500471. 

Any inquiry regarding this Preliminary Amendment should be directed to Paul P. 
Kempf at the below-listed telephone numbers. 
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The Examiner is invited to contact the Applicants' representative at the below-listed 
telephone number to facilitate prosecution of this application. 



"Express Mail Label No.: EV5Q6670237US 
Date of Deposit: September 28. 2004 

I hereby certify that this is being deposited with the United States 
Postal Service "Express Mail Post Office to Addressee" service 
under 37 CFR 1 .10 on the date indicated above and is addressed 
to: Mail Stop PCT, Commissioner for Patents, 



Respectfully submitted. 



Manfred Ruehrig et al.. 




By their attorneys, 

DICKE, BILLIG & CZAJA, PLLC 
Fifth Street Towers, Suite 2250 
100 South Fifth Street 
Minneapolis, MN 55402 
Telephone: (612) 767-2502 
Facsimile: (612) 573-2005 



Reg. No. 39,727 




Typed Name: Vanessa Carels 
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Description 

METHOD FOR FABRICATING A REFERENCE LAYER AND MRAM 
MEMORY CELL PROVIDED W ITH A REFERENCE LAYE R OF THIS 
TYP EAND METHOD FOR FABRICATING 

Background 

The invention relates to a method for fabricating a reference layer for 
MRAM memory cells and to an MRAM memory cell having a reference layer 
fabricated in this way.- 

As is known, an MRAM arrangement is based on ferromagnetic storage 
with the aid of the TMR effect (TMR = tunneling magnetoresistance). .The 
accompanying Figure 1 shew sillustrates a diagrammatic cross section through a 
known MRAM memory cell that utilizes said TMR effect. _The TMR memory 
cell, comprising a layer stack having a soft-magnetic layer 2, a tunnel oxide layer 
3 and a hard-magnetic or reference layer, lies between a bit line 5 and a word line 
4, which cross one another. _The magnetization direction (arrow) of the hard- 
magnetic layer 1 is predetermined, while the magnetization direction (double 
arrow) of the soft-magnetic layer 2 is adjustable by sending corresponding 
currents I, I* in different directions through the word line 4 and the bit line_-5.. 
These currents enable the magnetization of the soft-magnetic layer 2 to be 
polarized parallel or antiparallel with respect to the magnetization direction of 
the hard-magnetic layer 1. _The resistance of the layer stack is lower in the case 
of parallel magnetization of the two layers 1 and 2 than in the case of antiparallel 
magnetization, which can be evaluated as state "0" and "1", or vice versa. 
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Since the net magnetization of the reference layer determines the overall 
behavior of the MRAM memory cell, it is desirable to make said net 
magnetization adjustable in a targeted manner during the fabrication of MRAM 
memory cells. 

Summary 

It is accordingly an object o f One embodiment of the invention te- 
speei# yspecifies a method for fabricating a reference layer for MRAM memory 
cells and an MRAM memory cell equipped with a reference layer fabricated in 
this way, such that the net magnetization of the reference layer and thus the 
overall behavior of the MRAM memory cell can be established in a targeted 
manner. 

A method for fabricating a reference layer for MRAM memory cells 
which achieves this object is characterized, according to one embodiment of te - 
the invention, by the following step s comprises : 

(A) a layer system is provided for the reference layer, which layer 
system has a first layer of a material having a first Curie temperature Tc^ which 
first layer can be permanently magnetized by an extemal magnetic field, and a 
second layer of a material having a second Curie temperature Tc^, which is 
significantly lower than the first Curie temperature Tc*, which second layer can 
be magnetized by antiferromagnetic coupling with the first layer; 

(B) an extemal magnetic field is generated; 
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(C) the layer system is cooled from a temperature above the first Curie 
temperature Tc* to below the first Curie temperature Tc^ by action of the 
extemal magnetic field, the field strength of the external magnetic field being 
greater than the saturation field strength of the first layer, so that the 

5 magnetization of the first layer is oriented by a second-order phase transition 
along the field direction of the extemal magnetic field; and 

(D) the layer system is subsequently cooled below the second Curie 
temperature Tc^, the magnetization of the second layer being oriented 
antiparallel with respect to the magnetization of the first layer on account of 

10 antiferromagnetic coupling between the first and second layers. 

Accordingly, a, for example synmietrical, artificial antiferromagnet 
(AAF) is proposed for the reference layer, said antiferromagnet having the two 
antiferromagnetically coupled layers that differ in their Curie temperature. .When 

15 cooling from a temperature above the first Curie temperature Tc* in an externally 
applied magnetic field, the magnetization of the first layer of the layer system is 
oriented by a second-order phase transition along the field direction of the 
extemal magnetic field provided that the extemal field strength is greater than 
the saturation field strength for the first layer. _Upon further cooling to below the 

2 0 second Curie temperature Tc^, the magnetization of the second layer is oriented 
antiparallel with respect to the magnetization direction of the first layer as a 
result of the antiferromagnetic coupling between the two layers. .As a result, the 
two layers, that is to say the first layer and the second layer, form an artificial 
antiferromagnet (AAF). 
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What is crucial is the genoration of the magn e tization distribution in th e 
second layer by tT he second-order phase transition at the lower Curie 
temperature Tc^ of the second laye r generates magnetization distribution in the 
second layer . .The magnetization distribution present in the first layer is 
transferred to the second layer by the existing coupling (antiparallel) by 
antiferromagnetic coupling. 

If the net magnetizations (saturation flux = saturation magnetization x 
layer cross section) of the first and second layers are in each case chosen 
correspondingly, it is possible to set a net magnetization of the layer system of 
zero, that is to say that the magnetization within the artificial antiferromagnet 
thus produced should therefore be largely stable with respect to external fields as 
long as the magnetic coupling between the individual layers is strong enough. 

Furthermore, the net magnetization of the layer system can also be set 
controUably in a targeted manner, for example by choosing the saturation 
magnetization or the layer cross section of the second layer to be smaller than 
that of the first layer. .Consequently, in the event of dispensing with the 
advantage of a symmetrical artificial antiferromagnet in the case of which the 
two layers have identical saturation flux, it is possible to use the proposed layer 
constmction for fabricating an inverse artificial antiferromagnet. _In the TMR 
memory cell, the thinner layer is then in contact with the tunnel barrier. _The 
problem that exists with the customary construction, where residual 360° walls 
attenuate the signal, is obviated since each layer is inherently saturated and 
therefore has no 360'^ walls. 
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A homogeneous magnetization of the first layer that is obtained in step 
(C) can also be transferred to the second layer by intermediate layer coupling. _ 
That is to say that in step (A), a layer system is provided which has a very thin 
intermediate coupling layer between the first and second layers. _This has the 
advantago, inter alia, tha t Thus, no 360*^ walls occur in the second layer when the 
first layer is saturated. 

The following material combinations , in particular, are exemplary 
preferred for the first layer and the second layer of various embodiments of t he 
proposed layer system: 

(a) First layer: (Co,Fe,Mn)8o(Si,B)2o having the Curie temperature Tc^ 
= 485°C and second layer: (Co,Fe,Mo)73(Si,B)27 having the Curie temperature 
Tc^ = 210°C. .A soft/soft magnetization behavior is achieved overall with this 
material combination. 

(b) First layer: (Co,Fe)83(Si3)i7 having the Curie temperature Tc* = 
415°C and second layer: (Ni,Fe)78(Si,B,C)22 having the Curie temperature Tc^ = 
260°C. ,This material combination enables a magnetostrictive behavior of the 
layer system. 

(c) First layer: Tb2oFe4oCo4o having the Curie temperature Tc = 
400°C and second layer: Tb2oFe8o having the Curie temperature Tc^ = 150°C. , 
This enables a ferrimagnetic behavior of the layer system. 

Materials of the intermediate layer may be ruthenium, copper or gold. 
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The magnetic coupling between the first layer and the second layer 
depends on the thickness of the intermediate layer, which must be chosen such 
that the antiferromagnetic coupling takes place. 

In one embodiment, 

Aa reference layer fabricated by this method and an MRAM memory cell 
equipped with a reference layer of this type have the following advantages, in 
particular: 

a.targeted setting of the magnetization distribution in the 



individual lavers r. In one embodiment, 

vanishing net magnetization or a net magnetization of the layer 

system lhat-can be controlled through choice of the saturation magnetization and 
the thickness of the first and second layers ?. In one embodiment. 

when the first layer is frozen, the magnetization of the second 

layer is not active (above Tr^> 7. In one embodiment, 

^transfer of the homogeneous magnetization from the first layer to 



the second layer is accomplished b v the intermediate layer coupling mentioned. 
This has the advantage, inter alia, that Thus, n o 360° walls should occur in the 
second layer when the first layer is saturatedt-^. 

In an embodiment, in the event of dispensing with the advantage 

ef-the symmetrical artificial antiferromagnet in the case of which the two layers 
have an identical saturation flux, it is possible to use the proposed layer 
construction for fabricating an inverse artificial antiferromagnet. .The problem 
that exists with the customeiry construction of an MRAM memory cell where 
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residual 360° walls attenuate the signal is obviated since each layer is inherently 
saturated and therefore has no 360** walls. 

Brief Description of the Drawings 
5 The accompanying drawings are included to provide a further 

understanding of the present invention and are incorporated in and constitute a 
part of this specification. The drawings illustrate the embodiments of the present 
invention and together with the description serve to explain the principles of the 
invention. Other embodiments of the present invention and many of the 
10 intended advantages of the present invention will be readily appreciated as they 
become better understood by reference to the following detailed description. The 
elements of the drawings are not necessarily to scale relative to each other. Like 
reference numerals designate corresponding similar parts. 

15 

The description below describes, with reference to the drawing, 
exemplary embodiments of a method according to the invention and of on 
MRAM memory cell e quipp e d with such a reference layer. In detail, in the 
figures of the drawing: 

20 

Figure 1_ shew sillustrates a diagrammatic cross section through the 

known structure of an MRAM memory cell that has already boon explain e d;^ 

Figures 2A and 2B^ — she willustrate diagrammatic cross sections through 
2 5 a first and a second exemplary embodiment of an MRAM memory cell having a 
reference layer fabricated according to the inventiont. 
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Figure 3_ shew sillustrates a diagrammatic cross section through a 

third exemplary embodiment of a further MRAM memory cell equipped with 
another reference layer according to the inventionr^id. 

Figure 4_ diagrammatically shev ^illustrates a diagram for 

elucidating the method according to one embodiment of t he invention for 
fabricating the reference layer. 



Detailed Description 

In the following Detailed Description, reference is made to the 
accompanying drawings, which form a part hereof, and in which is shown by 
way of illustration specific embodiments in which the invention may be 
practiced. In this regard, directional terminolo|gy, such as "top," "bottom/' 
"front," "back," "leading," "trailing,'' etc., is used with reference to the 
orientation of the Figure(s) being described. Because components of 
embodiments of the present invention can be positioned in a number of different 
orientations, the directional terminology is used for purposes of illustration and 
is in no way limiting. It is to be understood that other embodiments may be 
utilized and structural or logical changes may be made without departing from 
the scope of the present invention. The following detailed description, therefore, 
is not to be taken in a limiting sense, and the scope of the present invention is 
defined by the appended cleiims. 

In the case of the MRAM memory cells according to embodiments of t he 
invention that are illustrated diagranmiatically in Figures 2 A and 2B, a layer 
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stack comprising two layers 10 and 11, which form a reference layer system R 
according to the invention, a tunnel barrier 13 and a soft-magnetic layer 12 lies 
between a word line (WORDL) 14 and a bit line (BITL) 15. .In Figure 2A, the 
first layer 10 and the second layer 1 1 of the layer system R in each case have the 
same saturation magnetization and the same layer cross section, so that a net 
magnetization of the layer system R results as zero. 

By contrast, in Figure 2B, the first layer 10 and the second layer 11 of the 
layer system R of the reference layer have a different net magnetization by virtue 
of the layer cross section of the second layer 1 1 being chosen to be smaller than 
that of the first layer 10. .The thinner second layer 1 1 is in contact with the 
tunnel barrier 13. .Since each layer, that is to say the first layer 10 and the second 
layer 11, are inherently saturated and therefore have no 360° walls, the problem 
that exists with the known construction of an MRAM memory cell where 
residual 360^ walls attenuate the signal is obviated. 

In the case of the third exemplary embodiment illustrated in the form of a 
diagrammatic cross section in Figure 3, the layer system R' of the reference layer 
has a construction comprising a first layer 100, a thin intermediate coupling layer 
102 and a second layer 101. _By virtue of said intermediate coupling layer 102, 
the homogeneous magnetization of the first layer 100 is transferred to the second 
layer 101 through the coupling of the intermediate coupling layer 102. _As a 
result, no 360° walls occur in the second layer when the first layer is saturated. . 
For the rest, the structure that is illustrated diagrammatically in Figure 3 and 
corresponds to the third exemplary embodiment of an MRAM memory cell 
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according to the invention has the same construction as the first exemplary 
embodiment shew eillustrated in Figure 2A. 

Figure 4 diagrammatically illustrates the method according to one 
embodiment of t he invention for fabricating a reference layer for MRAM 
memory cells. 

A layer system is provided for the reference layer R or R\ which layer 
system has a first layer of a material having a first Curie temperature Tc^ which 
first layer can be magnetized by an external magnetic field, and a second layer of 
a material having a second Curie temperature Tc^, which is significantly lower 
than the first Curie temperature Tc\ which second layer can be magnetized by 
antiferromagnetic coupling with the first layer. ^The temperature axis T shows 
these two Curie temperatures Tc* and Tc^. _At the instant tl, the layer system R, 
R' is cooled from a temperature TO above the first Curie temperature Tc^ to 
below the first Curie temperature Tc\ said layer system R, R' being situated in 
an extemal magnetic field Bl (arrow). _In this case, the magnetization of the first 
layer 10 is oriented by a second-order phase transition along the field direction of 
the extemal magnetic field Bl. .This presupposes that the field strength of Bl is 
greater than the saturation field strength of the first layer 10. 

Upon further cooling, the magnetic field Bl may be switched off, and as 
soon as the temperature T falls below the Curie temperature Tc^ of the second 
layer 11, at the instant t2, the magnetization of the second layer 11 is oriented 
antiparallel with respect to the first layer 10 as a result of the antiferromagnetic 
coupling between the two layers. _This forms the artificial antiferromagnet AAF._ 
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As mentioned, and described with reference to Figure 3, the antiferromagnetic 
coupling of the first layer to the second layer may also be imparted by the 
provision of an intermediate coupling layer. 

As illustrated by a dashed arrow at the instant t2 in Figure 4, for the 
purpose of homogenizing the magnetization distribution in the second layer 11, 
when passing through Tc^, it is additionally possible to apply a magnetic field B2 
whose field direction is opposite to the magnetization of the first layer 10 as Ipng 
as this does not suffice to reverse the magnetization impressed in the first layer 
10. _This necessitates a sufficent coercitive field strength of the first layer or a 
sufficiently "rectangular" switching behavior of the first layer 10. _In order to 
achieve this, the stability of the magnetization of the first layer 10 may be 
stabilized by means of a coupling to a natural antiferromagnet whose Neel 
temperature lies above the second, lower Curie temperature Tc^. 



Possible layer combinations for the first layer and the second layer may 

be- 



First layer 10 




Second layer 1 1 




Special 


(100) 




(101) 




feature 


(Co,Fe,Mn)8o(Si,B)2o 


485°C 


(Co,Fe,Mo)73(Si,B)27 


210°C 


(soft/soft) 


(Co,Fe)83(Si,B)i7 


415°C 


(Ni,Fe)78(Si,B.C)22 


260^C 


(magneto- 
strictive) 


Tb2oFe4oCo4o 


400°C 


Tb2oFe8o 


150°C 


(ferri- 
magnetic) 
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The above-mentioned intermediate layer 102 illustrated in Figure 3 may 
comprise ruthenium, copper, gold. 

Although specific embodiments have been illustrated and described 
herein, it will be appreciated by those of ordinary skill in the art that a variety of 
alternate and/or equivalent implementations may be substituted for the specific 
embodiments shown and described without departing from the scope of the 
present invention. For example, a release handle has been illustrated as causing 
the actuator to slide up the ramp of the transceiver module, but one skilled in the 
art will recognize that other mechanisms can be used to slide the actuator up the 
ramp in order to release the transceiver module from the case. This application 
is intended to cover anv adaptations or variations of the specific embodiments 
discussed herein. Therefore, it is intended that this invention be limited only bv 
the claims and the equivalents thereof. 
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List of reference symbols 

1; R; R' Reference layer 

2; 12 — Soft - magnetic layer 
3; 13 — Tunnel barrier 

10; 100 First layer 

11; 101 Second layer 

403 Intermediate coupling layer 

44 Word line 

45 Bit lino 

TgVFg^ Curie temp e ratures 
Bl, B2Magn e tic fields 
tl,t2 Times 
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